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Graphene is an excellent platform to support and stabilize silver nanoparticles (AgNPs). The reduced graphene oxide-silver
nanoparticles (rGO-AgNPs) were synthesized by the chemical reduction method and characterized by using ultraviolet-visible
(UV-vis) absorption, transmission electron microscopy (TEM), X-ray diffractometer (XRD), and scanning probe microscopy
(SPM). The binding reaction of rGO-AgNPs with bovine serum albumin (BSA) was investigated by using fluorescence
spectrometry and SPM. As the concentration of AgNPs increased, the fluorescence spectrum was quenched, and the quenching
process of rGO-AgNPs and BSA was static quenching. Thermodynamic parameters of the absorption process were evaluated at
different temperatures, and the negative values of Gibbs free energy (ΔG) showed that this process was spontaneous. The main
type of interaction was hydrophobic interaction according to the values of changes in standard enthalpy (ΔH) and entropy (ΔS).
In addition, the morphology changes of proteins interacting with nanomaterials were detected by SPM.
1. Introduction

Graphene is a single atomic thick sheet of sp2 bonded carbon
atoms most commonly derived from the exfoliation of graph-
ite [1, 2]. Due to its unique chemical structure and geometry, it
has extraordinary physical and chemical properties, including
high fracture strength and excellent electrical and thermal
conductivity [3, 4]. These properties make it widely used in
quantum physics, nanoelectronics, energy research, engineer-
ing, and biomaterials [5, 6]. Graphene is composed of a single-
layer six-membered ring structure and can be regarded as a
planar aromatic polymer. The high surface area of graphene
sheets serves as a support for growth and stabilization of nano-
particles which prevents them from aggregating [7–11].
Silver nanoparticles (AgNPs) have broad application
prospects in the fields of catalysis, optics, electronics, bio-
medicine, biosensors, and life medicine due to its special
physical and chemical properties [12, 13]. AgNPs have strong
bactericidal ability against many types of bacteria such as
Neisseria gonorrhoeae, Chlamydia trachomatis, and Escher-
ichia coli, but they do not appear to be resistant. Compared
with macroscale silver particles, the sharp increase in the spe-
cific surface area of AgNPs increases the chance of contact
with bacteria. However, the agglomeration characteristics of
nanomaterials affect its stability [14]. Graphene also repre-
sents a valuable platform for the development of nanoparti-
cles, which allows the combination of nanomaterials with
different properties to give novel materials with improved
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or new functionalities. Furthermore, it has a large specific
surface area, excellent adsorption capacity, and high chemi-
cal stability, which can support AgNPs and increase its
stability [15–17]. It has been proved that graphene and
AgNPs can produce synergistic reaction and enhance anti-
bacterial effect. Nanoparticles with special properties of
graphene and AgNPs are effective medical nanomaterials,
which have attracted wide interest [18–23]. Therefore, the
formation of nanoparticle-protein corona of graphene
oxide-silver nanoparticles with BSA has been investigated
in our previous work [24–26].

At present, liquid phase reduction is often used to load
silver nanoparticles onto the surface of graphene, but most
of them inevitably introduce biotoxic and environmental
hazard agents under highly corrosive conditions [27]. In this
paper, the reduced graphene oxide-silver nanoparticles
(rGO-AgNPs) were prepared and replaced by green nontoxic
glucose as a reducing agent to reduce silver anion in graphene
oxide [28]. In addition, X-ray diffraction (XRD), UV-vis
spectrophotometry, transmission electron microscopy
(TEM), and scanning probe microscopy (SPM) were used
to characterize rGO-AgNPs. Spectroscopic methods were
used to study the interaction between rGO-AgNPs and
bovine serum albumin, and the corresponding spectroscopy
and thermodynamic data were obtained, which provided a
theoretical basis for the wide application of rGO-AgNPs in
the medical field.

2. Experimental

2.1. Materials. Graphene oxide (1.0mg/mL), silver nitrate
(AgNO3), and glucose (analytical pure AR) were bought
from Sinopharm Chemical Reagent Co., Ltd. Tris (hydroxy-
methyl)-aminomethane (Tris, ≥99% purity) and ammonia
(AR) were both purchased from Alfa Aesar. Bovine serum
albumin (BSA, ≥98% purity, Mw = 66:446 kg/mol) was
supplied by J&K Scientific Ltd.; the solutions were prepared
by the weight method.

2.2. Preparation and Characterization of rGO-AgNPs.
Synthesis of graphene-silver nanoparticles (rGO-AgNPs) by
the chemical reduction method was as follows: taking
25mL of graphene oxide with a concentration of 1.0mg/mL
after dialysis, disposing silver ammonia solution, and dis-
solving 52.5mg AgNO3 in 2.5mL deionized water. Then,
3% ammonia was dropped into the silver nitrate aqueous
solution until the precipitation just disappeared. The newly
configured silver ammonia solution and the graphene
oxide aqueous solution were stirred and mixed at 50°C
for 30min, and an aqueous solution containing glucose
(0.5 g, 25mL) was added. The mixed solution was heated
to 95°C and stirred for 1 h. After the reaction solution
was naturally cooled, the product was separately subjected
to centrifugal washing with ethanol and deionized water
three times, and the obtained solid was vacuum dried at
60°C for 24h.

The formation of rGO-AgNPs was confirmed by the
plasmon resonance band using ultraviolet-visible spectros-
copy (UV-vis, Shimadzu UV-2501PC spectrometer). X-ray
diffraction (XRD) was performed using a Shimadzu X-ray
diffractometer-6100 with Cu Kα X-ray radiation (40 kV)
and scanning in the range of 5° to 80°. The morphology and
dispersion of rGO-AgNPs were observed using transmission
electron microscopy (TEM) and SPM (Shimadzu SPM-
9700). The particle size analysis software (Nano Measurer
1.2) was used to measure the distribution of particle size.

2.3. Fluorescence Analysis on the Interaction. In order to
further understand the interaction between rGO-AgNPs
and BSA, the fluorescence measurement was carried out
using a F-4600 fluorescence spectrophotometer. The
parameters of the BSA system were determined as follows:
excitation wavelength was set as 280nm, and scanning
range was from 300nm to 450 nm. The concentration of
BSA solution in the cuvette was 2.0μM. The obtained
fluorescence data was processed to draw a Stern-Volmer
line, and the thermodynamic parameters of the combined
system were determined.

3. Results and Discussion

3.1. Characterization of rGO-AgNPs. RGO-AgNPs have
absorption peaks in the ultraviolet-visible region. It is known
that the ultraviolet absorption peak of graphene oxide is at
around 230 nm and a shoulder peak is at approximately
300 nm due to the electronic π‐π∗ transitions of C-C aro-
matic and the n‐π∗ transitions of C=O bonds, respectively
[29] (Figure 1, red line). A new peak at approximately
411 nm is evidently seen after attachment with AgNPs onto
the rGO surface (Figure 1, black line), which is the absorption
peak of typical spherical silver particles. This result is basi-
cally consistent with that reported in the literature [30].
The spectra from the UV-vis spectrophotometry analysis
confirmed the presence of AgNP formation for the nanopar-
ticles. Therefore, it can be preliminarily concluded that the
nanoparticles were synthesized.

In the XRD pattern of Figure 2, the diffraction peaks
appear at 38.08°, 44.16°, 64.44°, and 77.44°, corresponding
to the (111), (200), (220), and (311) diffraction peaks of fcc
Ag [26]. The results were basically consistent with the litera-
ture, indicating that the graphene oxide added with AgNO3 is
reduced by glucose to form graphene-silver nanoparticles.
The morphology of rGO-AgNPs was investigated by TEM.
It can be seen from Figure 3 that the nanosilver is spherical
and the scale distribution is uniform. The average particle
size can be obtained by the particle size analysis software,
which is 6.41 nm. This result is in accordance with the aver-
age particle size of 6.52 nm obtained by SPM scanning anal-
ysis in Figure 4.

3.2. SPM Analysis of the Interaction of rGO-AgNPs with BSA.
To further investigate the interaction of BSA and rGO-
AgNPs, the surface morphology of the system was analyzed
by SPM, which is a very reliable tool for biological applica-
tions [26, 31, 32]. The SPM image clearly showed that BSA
molecules adsorbed onto mica (Figure 5(a)). It can be seen
that the molecules of BSA appear to be more compact and
to aggregate around rGO-AgNPs’ surface after the binding
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Figure 3: (a) Transmission electron micrograph of rGO-AgNPs; (b)
size distribution of silver nanoparticles attached to rGO sheets.
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Figure 1: UV-vis spectra of GO (red line) and rGO-AgNPs (black
line).
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Figure 2: X-ray diffraction pattern of GO and rGO-AgNPs.
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process (Figure 5(b)). In addition, the nanomaterial can
change the structure of BSA.

3.3. Temperature-Dependent Fluorescence Analysis. The
quenching mechanism between quenchers and proteins can
be divided into dynamic quenching and static quenching
[33]. Static quenching is a process in which a quencher
molecule and a fluorescent substance molecule form a
nonfluorescent complex in a ground state; thereby, the
fluorescence intensity of the fluorescent substance is
reduced. Dynamic quenching is the fluorescence quenching
caused by the collision between the quencher molecule and
the excited state molecules of the fluorescent molecule. If
the biomolecular quenching constant (Kq) is more than the
value of the maximum collisional quenching constant
(2:0 × 1010 L · mol‐1 · s‐1), static quenching is dominant,
whereas dynamic quenching is not dominant. The quench-
ing mode can be expressed by the Stern-Volmer equation:

F0
F

= 1 + Ksv Q½ � = 1 + Kqτ0 Q½ �, ð1Þ

where Kq represents the biomolecular quenching constant of
the quenching process, Ksv represents the Stern-Volmer
quenching constant, and τ0 is the average lifetime of the
fluorescent molecule in the absence of the quencher. The
fluorescence lifetime of BSA is about 10-8 s. F0 and F are
the fluorescence intensities of BSA in the absence and pres-
ence of rGO-AgNPs, respectively. ½Q� is the concentration
of the quencher [26]. Based on fluorescence data obtained
at two different temperatures (303K and 308K, see
Figure 6), the Stern-Volmer plots are shown in Figure 7,
and the corresponding values are listed in Table 1. It can
be seen from Figures 6(a) and 6(b) that the BSA fluores-
cence intensity is lowered by increasing the temperature.
The values of Kq were greater than 2:0 × 1010 L · mol‐1 · s‐1,
indicating that the combination of rGO-AgNPs and BSA
is a static quenching process.

The relationship between the concentration of rGO-
AgNPs and the fluorescence intensity can be quantified by
the Hill equation (Equation (2)) [34]:

log F0 − Fð Þ
F

� �
= log Ka + n log Q½ �: ð2Þ

The Hill coefficient (n) represents the degree of coopera-
tivity for the protein binding onto the material surface. In
most cases, n is greater than 1, suggesting cooperative bind-
ing of BSA to the surface of GO-AgNCPs [26]. The binding
of a ligand is weakened when n is less than 1; in contrast, that
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Figure 4: Dynamic mode SPM images of rGO-AgNPs.
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Figure 5: SPM images of BSA (a) and the BSA-rGO-AgNP system (b) on mica.
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Figure 6: Fluorescence quenching of BSA under varying concentrations of rGO-AgNPs at (a) 303K and (b) 308K.
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Table 1: The quenching constants.

T (K) Ksv (×103 L·mol‐1) Kq (×1011 L·mol‐1·s‐1) R

303 1:46 ± 0:04 2:53 ± 0:04 0.9578

308 1:23 ± 0:02 2:12 ± 0:04 0.9537
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Figure 8: Hill plots for the BSA-rGO-AgNP system.

Table 2: Binding parameters of the BSA-rGO-AgNP system.

T (K) Ka (×103 L·mol‐1) n R

303 4:24 ± 0:08 1:47 ± 0:06 0.9921

308 4:57 ± 0:07 1:63 ± 0:05 0.9970

Table 3: Thermodynamic parameters of the BSA-rGO-AgNP
system.

T (K) ΔH (kJ·mol‐1) ΔG (kJ·mol‐1) ΔS (J·mol‐1·K‐1)

303 116.83 ‐24:59 ± 0:12 466.74

308 ‐26:93 ± 0:16
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is strengthened if there are already other ligands adsorbed to
the surface. In addition, it is independent of other ligands
already at the surface when n = 1 [35]. The values of Ka and
n can be obtained from the intercept and slope of the fitting
straight line (see Figure 8) and are listed in Table 2. The bind-
ing constant (Ka) values calculated for 303K and 308K are
ð4:24 ± 0:08Þ × 103 L · mol‐1 and (4.57± 0.07)× 103 L·mol‐1,
respectively. Ka becomes greater with rising temperature,
indicating that the binding process is endothermic. In this
experiment, n > 1 at two temperatures means that once a
protein molecule is adsorbed onto the nanoparticle surface,
the binding of other protein molecules to the surface is
enhanced in a super-linear way.

The values of enthalpy (ΔH) can be considered as a
constant when there is no great change in temperature. The
thermodynamic parameters can be obtained using the
following formulas:

ln K2

K1

� �
= ΔH

R
1
T1 −

1
T2

� �
, ð3Þ

ΔG = ΔH − TΔS = −RT ln K , ð4Þ

where ΔH, ΔG, and ΔS are enthalpy change, Gibbs free
energy change, and entropy change, respectively; K repre-
sents the associative binding constants at the corresponding
temperature; and R is the gas constant (8.314 J/mol/K).
Results were gathered in Table 3. ΔG involved in the complex
formation process was evaluated as −24:59 ± 0:12 kJ · mol‐1
and −26:93 ± 0:16 kJ · mol‐1 for the two temperatures. The
values of ΔG are less than zero which indicates that the reac-
tion is spontaneous. ΔH > 0 and ΔS > 0 reveal that this
adsorption process is endothermic and mainly driven by
entropy. The hydrophobic interaction plays an important
role in the processes according to the results.
4. Conclusions

In this paper, rGO-AgNPs were prepared by the chemical
reduction method and characterized by spectroscopy. The
UV-vis spectra and XRD pattern were measured to indicate
the formation of rGO-AgNPs. The TEM, SEM, and SPM
scans indicated that the nanosilver particles were supported
on the graphene sheets and the particle size was uniform.
Based on the synthesis of the desired graphene-silver nano-
particles, various methods were used to systematically study
the interaction of graphene-silver nanoparticles with BSA
in buffer solution (pH = 7:21). After rGO-AgNPs react with
BSA, nanoparticles rapidly adsorb proteins on their surface
and the particle size of the nanosilver increases. The binding
process of BSA onto the surface of rGO-AgNPs is static
quenching. Judging from entropy change, the main force
between rGO-AgNPs and BSA is hydrophobic interaction
and the reaction proceeds is spontaneous.
Data Availability
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